The combination of the long electron state spin coherence time and the optical coupling of the ground electronic states to an excited state manifold makes the nitrogen-vacancy (NV) center in diamond an attractive candidate for quantum information processing. To date the best spin and optical properties have been found in centers deep within the diamond crystal. For useful devices it will be necessary to engineer NVs with similar properties close to the diamond surface. We report on properties including charge state control and preferential orientation for near surface NVs formed either in CVD growth or through implantation and annealing.
INTRODUCTION
The nitrogen-vacancy (NV) center in diamond is a promising candidate as both a qubit for quantum information processing and a sensor for magnetometry. The promise of this defect lies in the unique spin and optical properties found in centers which were incorporated naturally in mined diamond or accidentally in CVD grown samples. These unintentionally incorporated centers typically lie far from the diamond surface, exhibit the desired negative charge state, exhibit spin coherence times which can exceed a millisecond, 1 have optical transition linewidths which can approach the lifetime limited value, 2, 3 and exist in all four possible orientations.
Many QIP and magnetic sensing applications, however, will require NV centers to be located extremely close to the diamond surface. For quantum information applications that require an optical bus , 4, 5 centers will need to be incorporated into optical microcavities. Cavities based on GaP on single-crystal diamond, 6, 7 monolithic diamond, 8 or coupled to centers in nanoparticle diamond [9] [10] [11] [12] will all require centers ranging from 10-100 nm from the diamond surface. For magnetometry applications the separation between the center and the surface will limit both the device sensitivity and spatial resolution, especially in scanning probe implementations.
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sample name energy dose depth S1
10 keV 1e11 cm 62 ± 14 nm Table 1 . Implantation conditions for the two N-implanted samples studied. Implantation depths are calculated using SRIM software
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Some applications, for instance ensemble-based magnetometry and QIP based on cavity-coupled NV centers, require a specific orientation of the NV center. In these cases it would be preferential to select only one of the four possible orientations. In this paper we discuss two advancements in NV engineering. First we demonstrate control over the NV charge state for NV centers created by implantation and annealing. Second we show control over the NV orientation for NVs incorporated in CVD diamond grown on a 110 substrate.
CONTROL OF CHARGE STATE OF NV CENTERS FORMED BY IMPLANTATION AND ANNEALING
One common technique for creating near-surface NV centers is by nitrogen ion implantation and high temperature annealing. 17 During the implantation process vacancies are created. During the annealing vacancies diffuse and some fraction of the vacancies combine with the implanted nitrogen to form NV centers. This method can be used to create centers only nanometers away from the diamond surface. In low nitrogen samples however this techniques produces NV centers in the undesired neutral charge state NV 0 . 18 Here we show that by subsequently annealing the sample in an oxygen atmosphere the charge state can be converted to the desired negatively charged state NV − . 19 NV − centers convert back to the neutral state when exposed to a hydrogen plasma and can be converted back again to NV − with a second oxygen anneal. Figure 1 . a) Room temperature PL spectra of sample S1 in the same implantation region before and after 150 minutes of O2 annealing. 1 mW excitation power. b) 10 K PL spectra of sample S1. 1 mW excitation power. c) The ratio of the NV − ZPL intensity to the total ZPL intensity as a function of optical excitation power at 10 K.
NV centers were created in two samples by nitrogen implantation (CORE Systems) through a TEM grid mask and subsequently annealed at 900
• C for 1 hour in a H 2 /Ar atmosphere. Implantation conditions and depths are given in Table 1 . Half of the sample surface was subsequently masked by 125 nm of SiO 2 deposited by electron beam evaporation. Photoluminescence spectra of the neutral NV 0 and negatively charged NV − in Fig. 1a ,b show that the predominate NV charge state after implantation and annealing is the undesired NV 0 . Previous work found this result consistent with the existence of an acceptor level near the diamond surface.
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One possible acceptor candidate is sp 2 -hybridized carbon created during the implantation process. 20 Previous work in diamond nanoparticles has shown that the selective removal of sp 2 -hybridized (graphite-like) carbon over sp 3 -hybridized (diamond-like) carbon can be achieved by annealing the sample in air at elevated temperatures. Using the same technique we anneal the three substrates for 150 minutes at 465
• C. As shown in Fig. 1a ,b the predominate charge state after the oxygen anneal is NV − .
The ratio of the NV − to NV 0 line can be dependent on the optical excitation power. 21 This"photochromatic" effect is attributed to optically-induced charge state transfer from nearby impurities or charge traps to the NV center. We measure the ratio of the NV − zero phonon line (ZPL) intensity to the sum of the NV − and NV 0 ZPL intensities as a function of excitation power as shown in Fig. 1c . In the masked region of the sample, which was not exposed to the oxygen atmosphere, the photochromatic effect is observed. As the optical power is decreased the NV − component decreases suggesting that the predominate charge state is NV 0 in the absence of optical excitation. In contrast, in the unmasked region the ratio is relatively independent of optical excitation power. This result indicates that for oxygen treated samples the predominate charge state is NV − in the dark. 
PL intensity wavelength, Figure 2 . a) Photoluminescence spectra before the h-plasma, after the h-plasma, and after the second oxygen anneal. The absolute intensities between spectra taken before or after the h-plasma cannot be compared due to possible changes in the microscope.b) Confocal image of NV implantation squares defined by the TEM grid after exposure to a hydrogen plasma. Sample was previously implanted with 50 keV N + ions at a dose of 1e11 cm −2 . c) Confocal image of the same sample after a subsequent oxygen anneal.
In order to demonstrate full control of the charge state it is necessary to demonstrate conversion back to NV 0 . An alternative to inducing more implantation damage is to hydrogen terminate the surface. A hydrogen terminated diamond surface exhibits a p-type surface conductive layer. 22 In order to create an h-terminated surface we expose an oxygen-terminated diamond surface to a hydrogen plasma. 20 Photoluminescence spectra shown in Fig. 2a show that the charge state is NV 0 after exposure to the hydrogen plasma. To test the reversibility of this conversion we next anneal the sample in a second oxygen anneal. As expected and shown in Fig. 2a , the charge state after the second oxygen anneal returns to NV − .
Confocal images of the implantation regions before and after the second oxygen anneal obtained with 532 nm excitation and 650-800 nm collection are shown in Fig. 2b ,c. After the oxygen anneal a marked increase in the photoluminescence intensity is observed in not only the implantation region but also the masked regions. PL spectra confirm that the PL between the squares is predominantly NV − . Further investigations are required to determine the origin of these newly created centers.
PREFERENTIAL ORIENTATION OF NV CENTERS GROWN ON A 110 SURFACE
In addition to charge state, a second characteristic which may be desirable to control is the NV orientation. In the diamond lattice the NV center symmetry axis can point along any one of the four 111 crystallographic axes. For QIP applications the orientation of the NV optical dipole will be important for NV-cavity coupling. For magnetometry applications the highest sensitivity magnetometers will be obtained in ensemble systems in which all NVs are similarly oriented. Preferential orientations of NV centers created by implantation and annealing has not been demonstrated. Here we show that control over the NV orientation is possible however for NVs created during the CVD diamond growth process on a 110 surface. The four possible NV orientations are shown in We study a high-purity epitaxial diamond layer grown on a 110 oriented diamond substrate. Single NV centers could be resolved in scanning confocal images. In order to determine NV orientation, images were obtained for nine different linear excitation polarizations. If the surface normal is defined as [110] , the linear polarization is varied from 0 to 160 degrees in equal steps with polarization angle 0 corresponding to [001] . As discussed in Ref.
[23], the excitation polarization dependence can be used to distinguish between different NV orientations.
Two 75×75 μm confocal images taken 130 μm beneath the diamond surface are shown in Fig. 4. Fig. 4a shows the average intensity from the spatially resolved NVs. Variances in intensity can be due to different spatial depths as well as different NV orientations. Fig. 4b is a composite image of the 9 confocal scans in which laser polarization is encoded into three color channels (magenta-0 degrees, yellow-60 degrees, and cyan-120 degrees) according to Ref.[23] . In the entire image only one center has a different polarization dependence. A zoomed in image of this defect is shown in Fig. 4c .
In Fig. 5a the polarization intensity dependence of six NVs of the preferred orientation is shown. Variation in overall brightness may be due to mulitple NVs or NVs being out of focus. All NVs show the same polarization dependence. The calculated polarization dependence for both in-plane and out-of-plane NVs is shown in Fig. 5b . It is possible to distinguish between the two in-plane centers which have a markedly different polarization dependence than the out-of-plane centers. The contrast observed in the experimental curves, (I max −I min )/I max in which I max(min) is the maximum (minimum) intensity in the polarization curve, varies from 0.32-0.36 which is consistent with the theoretical contrast of 0.33.
Reducing the number of NV orientations from 4 orientations to 2 orientations is a significant advancement and should lead to increased optically-detected magnetic resonance contrast and thus increased magnetic sensitivity in ensemble-based magnetometry. In this particular sample we are able to observe NVs at the surface within the optical depth of focus (2-3 microns). Future directions for this work include creating preferentially oriented NVs very close to the diamond surface (10-100 nm) and suppressing the excitation of one of the two orientations through a combination of the optical excitation polarization and diamond orientation.
CONCLUSIONS
Based on the optical and spin properties of centers deep within the diamond lattice, NV centers hold a lot of promise for applications in quantum information processing and magnetometry. Now one of the focuses of advancing this field is creating NVs intentionally, near the surface, and with specific properties (charge state, orientation) in order to engineer practical devices. In the first part of this paper we showed charge state control between the NV − and NV 0 states for NVs formed near the diamond surface by ion implantation and annealing. In the second part of the paper we showed preferential orientation of NV centers incorporated in CVD diamond grown on a 110 substrate. 
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